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ABSTRACT

The crystal and magnetic structures of SrFe3*(PO,), have been determined by neutron powder
diffraction data at low temperatures (space group P2;/c (no. 14); Z=4; a=9.35417(13)A,
b = 6.83808(10) A, ¢ = 10.51899(15)A, and B =109.5147(7)° at 15K). Two magnetic phase transitions
were found at T; = 7.4 K (first-order phase transition) and T, = 11.4K (second-order phase transition).
The transition at T, was hardly detectable by dc and ac magnetization measurements, and a small
anomaly was observed by specific heat measurements. At Ty, strong anomalies were found by dc and ac
magnetization and specific heat. The structure of SrFe,(PO4), consists of linear four-spin cluster units,
Fe2-Fel-Fel-Fe2. Below T;, the propagation vector of the magnetic structure is k =[0,0,0]. The
magnetic moments of the inner Fel-Fel atoms of the four-spin cluster unit are ferromagnetically
coupled. The magnetic moment of the outer Fe2 atom is also ferromagnetically coupled with that of the
Fel atom but with spin canting. The four-spin cluster units form ferromagnetic layers parallel to
the [-101] plane, while these layers are stacked antiferromagnetically in the [-101] direction. Spin
canting of the outer Fe2 atoms provides a weak ferromagnetic moment of about 1 up along the b-axis.
The refined magnetic moments at 3.5K are 4.09 up for Fe1 and 4.07 up for Fe2. Between T; and T, a few

weak magnetic reflections were observed probably due to incommensurate magnetic order.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic properties including magnetic structures of low-
dimensional and frustrated magnets have attracted much atten-
tion in recent years in part because of the great interest in
multiferroic materials [1,2]. In multiferroic materials, magnetism
and (anti)ferroelectricity coexist [3]. Usually the coupling be-
tween different order parameters is weak in multiferroics.
However it was found that dielectric properties can strongly
depend on applied magnetic fields if ferroelectricity is caused by
specific magnetic ordering (e.g., spiral and helical magnetic
ordering with appropriate crystal symmetry). Recent discoveries
showed that a number of well-known low-dimensional com-
pounds such as MnWOy, [4], LiCu,0, [5], LiCuVO4 [6], Ni3(VOy4),
[7], and pyroxenes [8] possess multiferroic properties. Therefore,
investigation of magnetic structures of low-dimensional magnets
is essential work in searching for new multiferroics.

Phosphates containing transition metals have been widely
investigated because complex structural chemistry of phosphates
offers large variations of magnetic ion sublattices, which can give
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rise to original magnetic properties. Magnetic structures of simple
(e.g., FePO4 [9], CrPO4 [10], and Ni3(PO4), [11]) and more complex
phosphates (e.g., CuNiy(PO4), [12] and Coy(OH)PO,4 [13]) have
been reported. Compounds with the nominal composition of
A%*B%*(PO,), (A=Ca, Sr, Ba, and Pb; B=Mg and divalent
transition metals) show large variations in crystal structures.
About ten structure types are known for this family that includes
CaCrz(P04)2 [14], Sran(P04)2 [15], STCOZ(P04)2 [16], STNiz(PO4)2
[17], ot—Sl'ZIlz(PO4)2 [18], BEICOZ(PO4)2 []9], BaCuz(P04)2 [20].
Sngz(PO4)2 [21], B-Sanz(PO4)2 [2]], Serz(PO4)2 [22], BaNiz
(PO4)2 [23], SFCUZ(PO4)2 [24], and PbCU2(PO4)2 [25,26] BaNi,
(PO4), was considered as a model of a two-dimensional XY
antiferromaget. SrCu,(PO4), and PbCuy(PO4), showed spin-gap
behavior due to the presence of linear four-spin clusters.
BaCu,(PO4), also showed spin-gap behavior, but the magnetic
lattice was not well understood.

The crystal structure of another member of the AB>(PO4),
family, SrFe,(PO4), [27], has recently been determined at room
temperature (RT) from X-ray powder diffraction data [28]. It
comprises almost linear four-ion clusters (Fig. 1) that are arranged
in two-dimensional layers along the c-axis (Fig. 2a). Two phase
transitions were found in SrFe,(PO,4), at low temperatures at
T; =7.0 and T, = 11.3K by specific heat measurements [28]. The
phase transition at T, was supposed to be a structural phase


www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.05.031
mailto:Alexei.BELIK@nims.go.jp

A.A. Belik et al. / Journal of Solid State Chemistry 181 (2008) 2292-2297 2293

d(Fel-Fe2) =2.964 A
d(Fel-Fel)=3.180 A

Fig. 1. Four-spin cluster unit (Fe4O4g) in SrFey(POy4), [28]. The arrows on the Fe
atoms show the direction of magnetic moments at 3.5 K determined in this work.
Fe-Fe distances in the four-spin cluster unit are given.

Fe2 One
FM layer

d(Fel-Fel)=3.180 A

d(Fel-Fe2) = 2.964 A )

Fig. 2. Arrangements of four-spin cluster units (without oxygen atoms) in
SrFe,(PO4),: (a) along the b-axis and (b) perpendicular to the (a+c) direction. On
panel b, the projection of only one layer is given. The arrows on the Fe atoms show
the direction of magnetic moments at 3.5K determined in this work. Bold lines
show connections between Fe atoms in the four-spin cluster units (see Fig. 1).
Connections between the four-spin cluster units (through long Fe2-01 distances
[28]) are shown by thin lines in panel a (d(Fe1-Fe2) = 4.035A).

transition because no anomalies were detected in the temperature
dependence of magnetization curves. Below T;, weak ferromag-
netic properties were found. SrFe,;(PO4), showed complex field-
dependent magnetic susceptibilities and specific heat that

suggested a complex and interesting magnetic phase diagram
[28]. Detailed investigations showed that there are at least five
different magnetic phases of SrFe,(POy,), as functions of tempera-
ture and magnetic field [29]. Note that physical properties of
compounds containing Fe?* ions, for example, FeCl, and FeBr,
have attracted much attention due to strong anisotropy and
metamagnetic phase transitions [30-32]. The magnetic phase
diagram of SrFe,(PO,4), seems to be as complex as those of FeCl,
and FeBr,.

In this work we report on magnetic properties of SrFe,(POy4),
studied by neutron powder diffraction (NPD), ac and dc magne-
tization, and specific heat. Neutron diffraction clearly reveals
the magnetic origin of the phase transitions at both T; and T>.
The magnetic structure below T; at zero magnetic field was
determined.

2. Experimental

Single-phase Sr3(PO,4), and FePO, were prepared from mix-
tures of SrCO5 (99.99%), NH4H,PO,4 (99.999%), and Fe,05 (99.9%),
by the solid state method. The mixtures were contained in
alumina crucibles, heated under air while increasing temperature
very slowly from RT to 873K, reground, and allowed to react at
1153 K for Sr3(PO4); and 1053K for FePO, for 120h with four
intermediate grindings. The SrFe;(PO4), sample (~7.5g) was
synthesized by the solid state method from a stoichiometric
mixture of the Sr3(PO4), and FePO, materials and Fe (99.9%). The
powder mixture was placed in a Pt crucible, which was located in
an evacuated quartz tube, and annealed at 1173 K for 200 h with
five intermediate grindings. The product was cooled in a furnace.
It was a dense dark-brown pellet. The reground powder sample
was white. The sample was single-phased according to X-ray
powder diffraction.

Magnetic susceptibilities, y = M/H, of SrFe,(PO4), were mea-
sured on a DC SQUID magnetometer (Quantum Design, MPMS XL)
from 20 to 4K in applied fields of 0.01 and 1T. Frequency
dependent ac susceptibility measurements at zero static magnetic
field were performed with a Quantum Design MPMS instrument
from 20 to 2K at frequencies (f) of 0.5, 7, 110, and 500 Hz and an
applied oscillating magnetic field (H,.) of 5x107*T. The ‘ac’
susceptibilities were also measured at f=110Hz using
H.. =105 5x107% and 2.5 x 107> T; however, no dependence
on H,. was observed. Specific heat, C,(T), was recorded from 300
to 1.8 K in zero magnetic field by a pulse relaxation method using
a commercial calorimeter (Quantum Design PPMS).

The NPD data for SrFe,(PO4), were collected using the BT-1
high-resolution powder diffractometer at the NIST Center for
Neutron Research, employing Cu (311) monochromator to pro-
duce a monochromatic neutron beam of wavelength 1.5403 A.
Collimators with horizontal divergences of 15/, 20/, and 7’ full
width at half maximum were used before and after the
monochromator, and after the sample, respectively. The intensi-
ties were measured in steps of 0.05° in the 20 range 3-168°. In
order to study the magnetic structure and transitions, data were
collected between 3.5 and 295K. The structure analysis was
performed using the program GSAS [33]. The neutron scattering
amplitudes used in the refinements were 0.702, 0.945, 0.513, and
0.581 ( x 10~'2cm) for Sr, Fe, P, and O, respectively.

3. Results and discussion

Fig. 3 presents plots of magnetization (M), xT, and d(;T)/dT
against temperature, T, for SrFe,(PO4), measured at 0.01 and 1T.
Clear peaks, whose positions depended on the field, were seen
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near T;. However, only a very small anomaly was detected on the
d(,T)/dT vs T curves at T». The detection of this anomaly required
the measurements with a fine step of 0.2 K. The ac susceptibility
measurements showed no anomaly at T,, but sharp peaks for both
7 vs T and y’ vs T curves at T; indicating the presence of a
ferromagnetic contribution (Fig. 4). Specific heat measurements
showed a weak, broad i-type anomaly near T, and a sharp peak at
T;. No other anomalies were found between 1.8 and 300K (Fig. 5).

Fig. 6 shows a portion of the NPD patterns between 3.5 and
15K. A few extra diffraction peaks were clearly observed between
8.5 and 10K. The two strongest peaks could be indexed with a
propagation vector k = [0,},]] referring to the crystal unit cell at
15K. However, weak reflections marked by an oval in Fig. 6
showed small shifts from the expected positions. Below 7 K, new
extra diffraction peaks with large intensities appeared, while
those observed between 8.5 and 10K disappeared. Below 7K, the
magnetic peaks can be indexed with a propagation vector
k =[0,0,0] referring to the unit cell at 15K, indicating that the
magnetic and crystal unit cells are the same.

Fig. 7 depicts the temperature dependence of the intensity of
two representative magnetic peaks, (—141) and (—101). The (—11})
peak appeared below 11K, reached its maximum intensity at
8.5K, then gradually weakened, and disappeared below 7K. The
(—101) peak appeared below 7K. Temperature hysteresis was
observed near 7K indicating that this phase transition is first
order, while no hysteresis was found at 11 K, suggesting the phase
transition of second order.

Structure parameters at RT [28] were used as the starting
model for the structure refinement at 15K. Table 1 lists lattice
parameters, R factors, and the final refined positional and thermal
parameters. Fig. 8a displays observed, calculated, and difference
NPD patterns for SrFey(PO4), at 15K. In the magnetically
disordered phase above T,, correlations between magnetic
moments of Fe give rise to a broad diffuse peak near 20 = 10°
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Fig. 3. (a) M vs T curves measured at 0.01 and 1T (the left-hand axis) and the 4T vs
T curve measured at 1T (the right-hand axis) from 20 to 4K. (b) The d(4T)/dT vs T
curves at 0.01 T (the left-hand axis) and 1T (the right-hand axis). The inset shows
the region near T, =12 K.
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Fig. 4. (a) Real ;’ and (b) imaginary y’ parts of the ac susceptibility as a function of
temperature (at 2-20K) at frequencies f= 0.5, 7, 110, and 500 Hz. Measurements
were performed on cooling in zero static field using an ac field with the amplitude
Hae=5x10"4T.
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Fig. 5. C, vs Tcurve between 1.8 and 20K for SrFe,(PO4),. The inset shows the C,/T
(JK~2mol~") vs T (K) curve between 1.8 and 300 K. Measurements were performed
using a dense pellet in comparison with cold-pressed powder in [28]; as a result,
the peak near 7.4K is much more pronounced.

(Fig. 8a). This diffuse peak disappeared when the magnetic
ordering is achieved.

Because only a few relatively weak magnetic reflections appear
between 8.5 and 10K (Fig. 6) and the magnetic unit cell is either
relatively large or the magnetic structure is incommensurate, we
were unable to determine the magnetic structure in this
temperature range. The shifts of the weak reflections from the
expected positions based on a simple commensurate magnetic
structure suggest that incommensurate magnetic ordering may
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Fig. 6. Neutron powder diffraction patterns for SrFe,(PO,4), at different tempera-
tures. Indices of some reflections are given, where M denotes magnetic reflections,
and N denotes nuclear reflections.
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Fig. 7. Temperature dependence of the intensities of representative magnetic

reflections (—101) and (—14,3) during cooling and heating.

take place. This suggestion is also supported by noticeable
temperature shifts of the magnetic reflections between 8.5 and
10K in comparison with undetectable temperature shifts of the
magnetic reflections between 3.5 and 7K. Because k = [0,0,0] at
3.5K, the magnetic structure was determined with the magnetic

Table 1
Fractional coordinates and isotropic atomic displacement parameters for
SrFe,(POy4), at 15 and 3.5K?*

X y z 102U (A?)

Site®

Sr 0.3026(2) 0.1219(3) 0.0162(2) 0.23(4)
Fel 0.0814(2) 0.6495(2) 0.1172(2) 0.20(3)
Fe2 0.2859(2) 0.8929(2) 0.3357(2) 0.25(3)
P1 0.0353(3) 0.1697(4) 0.1695(3) 0.45(6)
P2 0.4250(3) 0.8551(4) 0.6225(3) 0.43(5)
o1 0.1076(3) 0.2039(4) 0.3231(3) 0.33(6)
02 0.1090(3) —0.0150(4) 01373(3) 0.35(5)
03 0.1373(3) 0.6538(4) 0.3579(2) 0.38(5)
04 0.0653(3) 0.3405(4) 0.0842(2) 0.34(5)
05 0.4264(3) 0.0848(4) 0.2725(3) 0.44(5)
06 0.4483(3) 0.6843(4) 0.5378(3) 0.40(5)
07 0.3471(3) 0.0169(4) 0.5222(3) 0.60(6)
08 0.3089(3) 0.6945(3) 0.1952(2) 0.56(5)
Site®

St 0.30276(17) 0.1214(2) 0.01606(16) 0.33(3)
Fel 0.08144(13) 0.64973(16) 0.11752(12) 0.23(3)
Fe2 0.28629(14) 0.89340(17) 0.33581(11) 0.26(2)
P1 0.0350(2) 0.1698(3) 0.1697(2) 0.45(5)
P2 0.4254(2) 0.8547(3) 0.6220(2) 0.34(4)
o1 0.1075(2) 0.2041(3) 0.3232(2) 0.48(4)
02 0.1093(2) ~0.0155(3) 0.1373(2) 0.37(4)
03 01371(2) 0.6544(3) 0.3577(2) 0.39(4)
04 0.0657(2) 0.3412(3) 0.0847(2) 0.43(4)
05 0.4263(2) 0.0839(3) 0.2724(2) 0.52(4)
06 0.4481(2) 0.6840(3) 0.5376(2) 0.50(4)
07 0.3477(2) 0.0165(3) 0.5223(2) 0.45(4)
08 0.3087(2) 0.6948(3) 0.1955(2) 0.58(4)

The magnetic moment coordinates are in the orthogonal system with xla, yllb*,
and zlla x b*.

2 Space group P2;/c (No. 14, cell choice 1); Z = 4. The occupancies of all the
sites are 1. The Wyckoff notation of all the sites is 4e.

PT=15K: a=935417(13)A, b=6.83808(10)A, c=10.51899(15)A,
B =109.5147(7)°, and V=634.192(16)A% R,,=0.0399, R,=0.0334, and
2
¥ = 1.04.
°T=35K: a=9.35527(9)A, b=6.83869(7)A, c=10.52014(10)A,

B =109.5176(5)°, and V = 634.381(10)A%; Rwp =0.0309, R,=0.0250, and
x? = 1.899; M, = 3.38(4) us, My = —0.20(8) g, M, = 2.29(5) yg, and M = 4.09(3) g
for Fel and My = —0.09(6) ug, M, = 0.93(9) g, M, = 3.96(4) ug, and M = 4.07(4) ug
for Fe2.

symmetry and unit cell similar to the crystal symmetry P2;/c and
crystal unit cell. The magnetic and crystal structures were refined
assuming one phase. No change in the crystal structure was found
at low temperatures. In initial models of the magnetic structure,
we assumed collinear antiferromagnetic structures with the
magnetic moments along the main crystallographic axes. All
three initial models converged to the same final magnetic
structure. The final lattice parameters, R factors, refined magnetic
moments, positional and thermal parameters are given in Table 1,
and selected bond lengths and angles in Table 2. Figs. 8b and 9
display observed, calculated, and difference NPD patterns for
SrFe,(PO4), at 3.5K.

The representation of the magnetic structure of SrFe,(PO4),
below 7 K is shown in Figs. 1, 2, and 10. The magnetic moments of
the inner Fel-Fel atoms of the four-spin cluster unit are
ferromagnetically coupled (Figs. 1 and 2). The sign of super-
exchange interactions is well understood for a cation-anion-ca-
tion pathway. For a linear 180° bond angle, the interaction is
antiferromagnetic, and ferromagnetic for an angle of 90°. The
crossover takes place near 100°. In SrFe,;(PO,4),, the Fe1-0O4-Fel
bond angles are 96.9° which suggests ferromagnetic coupling. The
magnetic moment of the outer Fe2 atom is also ferromagnetically
coupled with that of the Fel atom but with spin canting. The
Fe1-O-Fe2 bond angles are 79.8°, 80.6°, and 92.6°. The four-spin
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Fig. 8. The full observed (crosses), calculated (solid line), and difference NPD
patterns for SrFe;(PO4); at (a) 15K and (b) 3.5K.

Table 2
Bond lengths, I, and angles, ¢, in SrFe;(PO4), at 3.5K

Bonds 1(A) Bonds 1(A)
Sr1-07 2.509(3) Fe2-01 2.680(2)
Sr1-06 2.461(3) Fe2-02 2.276(2)
Sr1-05 2.568(2) Fe2-03 2.211(2)
Sr1-01 2.530(2) Fe2-05 2.107(2)
Sr1-06 2.611(3) Fe2-06 2.589(2)
Sr1-03 2.648(3) Fe2-07 2.033(2)
Sr1-02 2.706(2) Fe2-08 2.067(2)
Sr1-04 2.961(3) Fe2-07’ 3.304(2)
Sr1-08 3.465(3)

Fel-01 2.095(2) P1-01 1.546(3)
Fel-02 2.306(2) P1-02 1.536(3)
Fe1-03 2.403(2) P1-03 1.541(3)
Fel-04 2.113(2) P1-04 1.558(3)
Fel-04' 2.135(2) P2-05 1.519(3)
Fe1-08 2.031(2) P2-06 1.524(3)
Fe1-07 3.189(2) P2-07 1.531(3)
Fel-03' 3.239(2) P2-08 1.570(3)
Angles ¢ (deg) Angles ¢ (deg)
01-P1-02 106.48(16) 05-P2-06 111.48(17)
01-P1-03 105.75(15) 05-P2-07 114.22(17)
01-P1-04 112.58(17) 05-P2-08 108.38(15)
02-P1-03 115.08(16) 06-P2-07 106.32(16)
02-P1-04 108.03(16) 06-P2-08 112.11(17)
03-P1-04 109.00(16) 07-P2-08 104.17(15)
Fel-02-Fe2 80.59(8)

Fe1-03-Fe2 79.80(7) Fe1-04-Fel 96.91(9)
Fe1-0O8-Fe2 92.62(9)

cluster units form ferromagnetic layers parallel to the [-101]
plane, and these layers are stacked antiferromagnetically in the
[-101] direction (Fig. 2). Spin canting of the outer atoms Fe2

SrFe,(PO,), at 3.5 K

T T T T
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Fig. 9. (a) Portion of the observed (crosses), calculated (solid line), and difference
NPD patterns for SrFe,(PO4), at 3.5K when only the nuclear structure was taken
into account. Bragg reflections are indicated by tick marks. (b) Portion of the
observed (crosses), calculated (solid line), and difference NPD patterns when the
nuclear and magnetic structures were taken into account.

provides a weak ferromagnetic moment of about 1 ug along the
b-axis. The values obtained for the magnetic moments at 3.5 K are
4.09 ug for Fel and 4.07 ug for Fe2 in good agreement with the
expected value of 4 g for Fe?*. Fig. 11 shows the thermal evolution
of the ordered magnetic moments between 3.5 and 7K. The
ferromagnetic component M, of Fe2 decreases smoothly from
~1 up to zero when the temperature increases from 5 to 7K. The
total ordered magnetic moment M of Fel is almost temperature
independent, while M of Fe2 decreases from 4.07 ug at 3.5K to
2.7 ug at 7K. Magnetic moments of the inner Fe1-Fel atoms of the
four-spin cluster units are coupled ferromagnetically and, there-
fore, seem to be very rigid. Magnetic moments of the outer Fe2
atoms are more flexible to temperature variations especially the
canting angle.

Neutron diffraction unambiguously confirmed that the phase
transition at T, has a magnetic origin, even though magnetization
measurements were barely able to detect this phase transition.
The negative gradient of the d(yT)/dT vs T curve at T suggests that
a very weak ferromagnetic component should appear below T>.
The weak magnetic reflections below T, indicate that the ordered
moments of Fe are small compared with the full ordering of
magnetic moments of Fe below T;, as expected at elevated
temperatures.

In conclusion, the magnetic structure of SrFe,(PO4), below
T: =7.4K was determined. The spin canting provides a ferromag-
netic component along the b-axis and explains the observed weak
ferromagnetic properties. Neutron diffraction confirmed the
magnetic origin of the phase transition at T, = 11.4K.
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Fig. 10. The arrangement of Fe atoms in the structure of SrFe,(PO4), in one unit
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show the magnetic moment direction for each Fe ion, and the white arrows
indicate the M, component for the Fe2 ions which arrange ferromagnetically. Some
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cluster units are not shown here because only one unit cell is given (see Fig. 2).
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